A brief period of global brain ischemia, such as that induced by cardiac arrest or cardiopulmonary bypass surgery, causes cell death in vulnerable hippocampal CA1 pyramidal neurons days after reperfusion. Although numerous factors have been suggested to account for this phenomenon, the mechanisms underlying it are poorly understood. We describe a cell death signal called the PIDDosome, a protein complex of p53-induced protein with a death domain (PIDD), receptor-interacting protein-associated ICH-1/ CED-3 homologous protein with a death domain (RAIDD), and procaspase-2. We induced 5 min of transient global cerebral ischemia (tGCI) using bilateral common carotid artery occlusion with hypotension. Western blot analysis showed that expression of twice-cleaved fragment of PIDD (PIDD-CC) increased in the cytosolic fraction of the hippocampal CA1 subregion and preceded procaspase-2 activation after tGCI. Caspase-2 cleaved Bid in brain homogenates. Co-immunoprecipitation and immunofluorescent studies demonstrated that PIDD-CC, RAIDD, and procaspase-2 were co-localized and bound directly, which indicates the formation of the PIDD death domain complex. Furthermore, we tested inhibition of PIDD expression by using small interfering RNA (siRNA) treatment that was initiated 48 h before tGCI. Administration of siRNA against PIDD decreased not only expression of PIDD-CC, but also activation of procaspase-2 and Bid, resulting in a decrease in histological neuronal damage and DNA fragmentation in the hippocampal CA1 subregion after tGCI. These results imply that PIDD plays an important role in procaspase-2 activation and delayed CA1 neuronal death after tGCI. We propose that PIDD is a hypothetical molecular target for therapy against neuronal death after tGCI. apoptosis ͉ caspase-2 ͉ p53 ͉ RAIDD ͉ siRNA
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apoptosis ͉ caspase-2 ͉ p53 ͉ RAIDD ͉ siRNA I t is well established that a brief period of global brain ischemia, such as that induced by cardiac arrest or cardiopulmonary bypass surgery, causes delayed cell death in vulnerable hippocampal CA1 pyramidal neurons days after reperfusion in animals and humans (1) (2) (3) . Many studies have suggested various factors that contribute to this delayed vulnerability to neuronal death, such as glutamate neurotoxicity, calcium influx, expression of cell suicide genes, activation of apoptotic proteins, mitochondrial dysfunction, endoplasmic reticulum dysfunction, and oxygen free radicals. It has been demonstrated that caspase-3, caspase-9, and apoptosis-inducing factor, in particular, are involved in this neuronal death (4) (5) (6) . However, the mechanisms are not well understood.
p53-induced protein with a death domain (PIDD) was originally identified as a gene that is dependent on p53 for its expression (7) . PIDD induces cell-cycle arrest and apoptosis when overexpressed in p53-deficient human cell lines, suggesting that PIDD may act downstream of p53 in promoting cell death induced by p53. Recent reports have demonstrated that PIDD plays a critical role in the activation of caspase-2 (8-11). Full-length PIDD (PIDD-FL) is constitutively cleaved into three fragments by autoproteolysis: an N-terminal fragment and a C-terminal fragment (PIDD-C), which is further cleaved into PIDD-CC (8, 12) . PIDD-CC, receptorinteracting protein-associated ICH-1/CED-3 homologous protein with a death domain (RAIDD), and procaspase-2 make a large protein complex, the PIDDosome, similar to the caspase-9 activating apoptosome complex (8) . The PIDDosome structure is based on interaction of the death domains of PIDD and RAIDD and the caspase recruitment domains of RAIDD and procaspase-2 (13). The PIDDosome schematically dimerizes procaspase-2 molecules, resulting in caspase-2 activation (13). The PIDDosome likely regulates stress-induced apoptosis through a mitochondrial-dependent pathway (8) . However, the role of PIDD in ischemia is unclear because most studies of PIDD have been conducted in the cancer field.
The purpose of this study was to detect the PIDDosome and determine its role in the activation of caspase-2 and subsequent neuronal death after transient global cerebral ischemia (tGCI). Five minutes of tGCI combined with hypotension were used to induce neuronal cell death in the hippocampal CA1 subregion in rats. We investigated expression of PIDD, activation of caspase-2, and interaction among PIDD, RAIDD, and procaspase-2, and expression of Bid as one of the downstream targets of caspase-2. Moreover, we administered PIDD siRNA to confirm the role of PIDD.
procaspase-2 and caspase-2, was mainly observed 8 to 24 h after tGCI compared with the shams (Fig. 1 ). Procaspase-2 and caspase-2 were differentiated by their molecular weight. Procaspase-2 plus caspase-2 and RAIDD showed no significant difference at any time point (Fig. 1) . Western blotting using CA3 samples showed that there was no up-regulation of PIDD-FL, PIDD-C, PIDD-CC, RAIDD, or caspase-2 after tGCI (Fig. 1) . In summary, PIDD-CC increased in the hippocampal CA1 subregion after tGCI, followed by caspase-2 activation.
Neuronal Expression of PIDD, RAIDD, and Procaspase-2/Caspase-2. To investigate the subpopulations of PIDD, RAIDD, and procaspase-2/caspase-2 after tGCI, we performed double immunofluorescence of PIDD, RAIDD, or procaspase-2/caspase-2, and neuron-specific nuclear protein (NeuN). This demonstrated that PIDD, RAIDD, and procaspase-2/caspase-2 were expressed in hippocampal CA1 neurons (Fig. 2 A-C) .
Interaction of PIDD-CC, RAIDD, and Procaspase-2. To investigate interaction among PIDD, RAIDD, and procaspase-2, we performed triple immunofluorescence, which demonstrated that PIDD was up-regulated in the cytosol of the hippocampal CA1 subregion 8 h after tGCI (Fig. S2) . PIDD, RAIDD, and procaspase-2/caspase-2 were found together in many places (Fig.  S2) . No PIDD up-regulation was seen in the shams or the CA3 subregion (Fig. S2) .
To reveal the functional relationship of PIDD-CC, RAIDD, and procaspase-2, we performed co-immunoprecipitation (co-IP) with a PIDD antibody in the cytosolic fraction after tGCI. We used an anti-PIDD antibody, which detects all fragments of PIDD, because there are no PIDD-CC-specific antibodies to our knowledge. RAIDD precipitated by PIDD significantly increased after tGCI compared with shams (Fig. 3A) . Procaspase-2 precipitated by PIDD also significantly increased and peaked at 4 h (Fig. 3A) . Caspase-2 precipitated by PIDD significantly increased and peaked 8 h after tGCI compared with the shams (Fig. 3A) . Procaspase-2 plus caspase-2 significantly increased 1, 4, and 8 h after tGCI compared with shams, then decreased at 24 h (Fig. 3A) , which may imply that caspase-2 remains on the PIDDosome for some time after it is formed. In contrast, caspase-3 was not precipitated by PIDD (Fig. 3A) . Fig. 3 . Interaction among PIDD, RAIDD, and procaspase-2/caspase-2 in the hippocampal CA1 subregion after tGCI. (A) Co-IP by PIDD using the cytosolic fraction of the hippocampal CA1 subregion. PIDD-CC precipitated by PIDD significantly increased 4 and 8 h after tGCI compared with the shams (n ϭ 4, ‡, P Ͻ 0.005). Procaspase-2 precipitated by PIDD significantly increased after tGCI, peaked at 4 h, and started to decline at 24 h (n ϭ 4; ‡, P Ͻ 0.005; §, P Ͻ 0.001). In contrast, caspase-2 precipitated by PIDD significantly increased after tGCI, peaked at 8 h, and declined at 24 h (n ϭ 4, ‡, P Ͻ 0.005, §, P Ͻ 0.001). Procaspase-2 plus caspase-2 significantly increased 1, 4, and 8 h after tGCI compared with shams, then decreased at 24 h (n ϭ 4; * , P Ͻ 0.05; §, P Ͻ 0.001). RAIDD precipitated by PIDD increased 1, 4, and 8 h after tGCI (n ϭ 4; * , P Ͻ 0.05; §, P Ͻ 0.001). Caspase-3 immunoreactivity precipitated by PIDD was not detected. s, shams; IP, immunoprecipitation; IB, immunoblot; OD, optical density. (B) Co-IP by procaspase-2/ caspase-2 using the cytosolic fraction of the hippocampal CA1 subregion. PIDD-CC precipitated by procaspase-2/caspase-2 significantly increased 4 and 8 h after tGCI compared with the shams (n ϭ 4, * , P Ͻ 0.05). In contrast, PIDD-FL and PIDD-C were not precipitated by procaspase-2/caspase-2. Procaspase-2 precipitated by procaspase-2/caspase-2 was significantly down-regulated 4, 8, and 24 h after tGCI (n ϭ 4, §, P Ͻ 0.001). Caspase-2 expression precipitated by procaspase-2/caspase-2 significantly increased 4, 8, and 24 h after tGCI (n ϭ 4; * , P Ͻ 0.05, ‡, P Ͻ 0.005; §, P Ͻ 0.001). Procaspase-2 plus caspase-2 expression precipitated by procaspase-2/caspase-2 showed no significant difference at any time point. RAIDD precipitated by procaspase-2/caspase-2 showed no significant difference at any time point. Cytosolic up-regulation of PIDD-CC and subsequent cleavage of procaspase-2 in the hippocampal CA1 subregion after tGCI. Western blot analysis showed that PIDD-CC expression, which was detectable in the shams, significantly increased 4 and 8 h after tGCI (n ϭ 4; §, P Ͻ 0.001). PIDD-FL expression was just detectable at all time points and no significant difference was seen at any time point. PIDD-C was not detected in the CA1 subregion. Caspase-2 expression significantly increased compared with the shams, peaking at 8 to 24 h and decreasing by 72 h after tGCI (n ϭ 4; * , P Ͻ 0.05). In contrast, procaspase-2 expression significantly decreased 8 and 24 h after tGCI (n ϭ 4; * , P Ͻ 0.05). Procaspase-2 plus caspase-2 stayed constant. RAIDD expression was evident, but no significant difference was seen at any time point. Western blotting using CA3 samples showed that there was no up-regulation of PIDD-FL, PIDD-C, PIDD-CC, RAIDD, or caspase-2 after tGCI. ␤-actin was used as an internal control. s, shams; OD, optical density. Next, we performed co-IP with a procaspase-2/caspase-2 antibody, which recognizes both procaspase-2 and caspase-2, in the cytosolic fraction after tGCI for further investigation of the interaction among PIDD-CC, RAIDD, and procaspase-2. PIDD-CC precipitated by procaspase-2/caspase-2 significantly increased and peaked 1 and 4 h after tGCI compared with the shams (Fig. 3B ). In contrast, PIDD-FL or PIDD-C was not precipitated by procaspase-2/caspase-2 ( Fig. 3B ). Procaspase-2 plus caspase-2 precipitated by procaspase-2/caspase-2 showed no significant difference at any point (Fig. 3B) . RAIDD precipitated by procaspase-2/caspase-2 was observed, but there was no significant difference at any time point (Fig. 3B ). One possible reason why RAIDD stayed constant is that the total amount of procaspase-2 plus caspase-2 stayed constant, so RAIDD precipitated with procaspase-2/caspase-2 could also be constant.
In summary, these results cumulatively support the idea of direct binding and interaction among PIDD-CC, RAIDD, and procaspase-2 after tGCI, indicating formation of the PIDDosome and subsequent caspase-2 activation.
Bid Is Cleaved by Caspase-2 and Up-Regulated After tGCI. Bid is known to be one of the targets of caspase-2. To investigate the role of caspase-2, we added recombinant activated caspase-2 to the brain lysate. Western blot analysis revealed truncated Bid (tBid) up-regulation in a dose-dependent manner in samples incubated with caspase-2 compared with samples incubated with caspase-2 reaction buffer alone (Fig. 4A ). Bax and Bcl-X L , two other Bcl-2 family proteins, were not significantly different between the two groups (Fig. 4A) .
For further investigation, we examined tBid expression after tGCI. Western blot analysis showed that tBid expression significantly increased time-dependently in the mitochondrial fraction of the hippocampal CA1 subregion compared with the shams (Fig. 4B ). In combination with the caspase-2 brain lysate data, these results indicate that Bid is cleaved, at least in part, by caspase-2 after tGCI in the hippocampal CA1 subregion.
Injection of PIDD-siRNA Silences PIDD Expression, and Activation of
Caspase-2 is PIDD-Dependent. We injected FITC-conjugated nontargeting siRNA (FITC-siRNA) intracerebroventricularly. Immunofluorescence demonstrated the cytosolic distribution of FITC-siRNA predominantly in the dorsal hippocampus 48 h after injection (Fig. 5) . These results indicate the successful transfection of siRNA. Because FITC-siRNA fluorescence 48 h after siRNA injection showed incorporation of siRNA in the CA1 subregion, we also used this time period to silence the PIDD protein using PIDD-siRNAs.
We then examined the effect of PIDD-siRNA on protein expression in the vulnerable hippocampal CA1 subregion after tGCI. We used 5 g siSTABLE PIDD-siRNA to inhibit endogenous PIDD because a titration study indicated this dose effectively inhibited endogenous PIDD without a strong off-target effect (Fig. S3) . Western blot analysis showed that PIDD expression was inhibited with PIDD-siRNA. Moreover, caspase-2 and tBid decreased in PIDD-siRNA-treated animals, indicating that activation of caspase-2 or Bid was PIDD-dependent, at least in part (Fig. 6 ). There was no significant difference in RAIDD (Fig. 6A) or mitochondrial Bax or Bcl-X L (Fig. 6B ) among all groups. No significant difference was observed between nontreated animals and nontargeting control siRNA-treated ani- Western blot analysis showed that PIDD-FL and PIDD-CC expression significantly decreased in the 5-g PIDD-siRNAtreated animals 8 h after tGCI (n ϭ 4; * , P Ͻ 0.05). Cleavage of procaspase-2 was significantly inhibited in the PIDD-siRNA-treated animals (n ϭ 4; * , P Ͻ 0.05; †, P Ͻ 0.01; ‡, P Ͻ 0.005). There was no significant difference in RAIDD expression in any groups. ␤-actin was used as an internal control. tGCI, nontreated; cont, controlsiRNA-treated; OD, optical density. (B) Effect of siRNA against PIDD in mitochondria 8 h after tGCI. Western blot analysis demonstrated that mitochondrial tBid expression significantly decreased in the 5-g PIDD-siRNA-treated animals 8 h after tGCI (n ϭ 4; ‡, P Ͻ 0.005). Mitochondrial Bax and Bcl-X L showed no significant difference among all groups. Cytochrome oxidase subunit IV (COX IV) was used as an internal control. mals, indicating that the off-target effect was not very strong in our siRNAs (Fig. 6) .
Administration of PIDD siRNA Decreases Histological CA1 Neuronal
Damage, TUNEL-Positive Cells, and DNA Fragmentation. To examine the role of PIDD in delayed death of hippocampal CA1 neurons after tGCI, we performed histological analyses and a cell death assay using animals with the following treatments: shams, nontreated, control-siRNA-treated, and PIDD-siRNA-treated. In our model, the majority of CA1 pyramidal cells underwent degeneration 72 h after ischemia (14) , which was the time point at which we collected samples for histological analysis and DNA fragmentation assay.
Histological analysis demonstrated that PIDD inhibition by siRNA decreased histological neuronal damage in the hippocampal CA1 subregion after tGCI. In the shams, CA1 neurons were intact 72 h after tGCI (Fig. 7A and B) . In contrast, more than 80% of CA1 neurons were degenerated in both the nontreated (Fig. 7E and F) and control siRNA-treated animals ( Fig. 7 I and J) , which is compatible with our previous reports using the same model (14, 15) . In the PIDD-siRNA-treated animals, neurons were fairly well preserved (Fig. 7 M and N) ; sparse damage was observed in the hippocampal CA1 subregion (Fig. 7N) . Most of the morphologically damaged neurons stained with cresyl violet were also positive for TUNEL (Fig. 7 C, D 
, G, H, K, L, O, and P).
Sparse TUNEL-positive cells were observed in the hippocampal CA1 subregion in the PIDD-siRNA-treated animals (Fig. 7P) . Moreover, there were fewer TUNEL-positive cells (44% vs. nontreated animals and 45% vs. control siRNAtreated animals) in the PIDD-siRNA-treated animals (Fig. 7Q) . No significant difference was observed between the nontreated and control siRNA-treated animals.
An apoptotic DNA fragmentation assay demonstrated that PIDD-siRNA administration decreased DNA fragmentation in the hippocampal CA1 subregion after tGCI. Fragmentation was significantly increased in this subregion 72 h after tGCI in the nontreated and control siRNA-treated animals (Fig. 7R) . Less DNA fragmentation (37% vs. nontreated animals and 36% vs. control siRNA-treated animals) was observed in the PIDDsiRNA-treated animals (Fig. 7R) .
To observe long-term cell viability, we also performed a histological analysis 7 days after tGCI. PIDD-siRNA-treated animals had less neuronal damage (Fig. S4 ). In conclusion, inhibition of PIDD using siRNA decreased histological neuronal damage and DNA fragmentation in the hippocampal CA1 subregion after tGCI.
Discussion
Until recently, the role of PIDD in the activation of caspase-2 and apoptosis had been studied primarily in the cancer field. The findings from our study indicate that PIDD also plays a role in ischemia by activating caspase-2, leading to neuronal cell death. We base these findings on the following results: PIDD-CC was upregulated after tGCI not in the hippocampal CA3 region, but in hippocampal CA1 neurons, and preceded caspase-2 activation, followed by Bid cleavage (Figs. 1, 2 , and 4 and Fig. S1 ). Furthermore, the direct binding of PIDD-CC, RAIDD, and procaspase-2 (which is referred to as the PIDDosome), was observed after tGCI ( Fig. 3 and Fig. S2 ). The siRNA study indicates that activation of caspase-2 and Bid was PIDD-dependent, at least in part (Figs. 5 and 6 and Fig. S3 ). Moreover, inhibition of PIDD expression resulted in a decrease in neuronal death in the hippocampal CA1 subregion after tGCI (Fig. 7 and Fig. S4 ).
Previous studies demonstrated the roles of PIDD in cell death pathways (8, 12, 16, 17) . PIDD could act as a switch for genotoxic stress through its fragments (17) . PIDD-FL was constitutively cleaved into three fragments by autoproteolysis: an N-terminal fragment and a C-terminal fragment, PIDD-C, which was further cleaved into PIDD-CC (8, 12) . PIDD-FL is thought to be a source of the other fragments. In agreement, endogenous PIDD-FL was hardly detectable or was absent (12) . In our study, PIDD-FL showed only negligible expression, similar to the previous study.
PIDD-CC is thought to have a pro-apoptotic role. It is likely to regulate stress-induced apoptosis through a mitochondrialdependent pathway (8, 12) . We now report that PIDD may play a role in neuronal death because PIDD-CC is up-regulated in the vulnerable hippocampal CA1 subregion after tGCI, although PIDD is not up-regulated in the CA3 subregion. Furthermore, knockdown of PIDD reduced delayed neuronal death in this subregion after tGCI.
Fig. 7. Cresyl violet staining (A, B, E, F, I, J, M, and N), TUNEL staining (C, D, G, H, K, L, O, and P), a cell-counting study of TUNEL-positive cells (Q), and a DNA fragmentation assay (R) 72 h after surgery. A, C, E, G, I, K, M, and O show low magnification of the entire hippocampus. B, D, F, H, J, L, N,
and P show high magnification of the hippocampal CA1 subregion. In the shams, no hippocampal CA1 damage was observed (A and B) . Seventy-two hours after tGCI, most CA1 neurons in the nontreated (E, F) and control-siRNA-treated (I and J) animals were damaged; they had shrunken, triangular-shaped, condensed nuclei (F and J). However, the normal features of the nuclei of many neurons were preserved in the PIDD-siRNA-treated animals (M and N). Sparse neuronal damage was observed in the hippocampal CA1 subregion in the PIDD-siRNA-treated animals (N, arrows). The majority of damaged neurons became TUNEL-positive (C, D, G, H, K, L, O, and P). Sparse TUNEL-positive cells were observed in the hippocampal CA1 subregion in the PIDD-siRNA-treated animals (P, arrows). The cell-counting study (Q) showed a significant decrease in TUNEL-positive cells in the hippocampal CA1 subregion 72 h after ischemia in the PIDD-siRNA-treated animals compared with the nontreated and control-siRNA-treated animals (n ϭ 4, ‡, P Ͻ 0.005). The apoptotic DNA fragmentation assay (R) showed that fragmentation in the hippocampal CA1 subregion 72 h after tGCI increased significantly in the nontreated and control-siRNA-treated animals compared with the shams (n ϭ 4, §, P Ͻ 0.001). DNA fragmentation in the hippocampal CA1 subregion 72 h after tGCI decreased significantly in the PIDD-siRNA-treated animals compared with the nontreated or control-siRNA-treated animals (n ϭ 4, §, P Ͻ 0.001). tGCI, nontreated; cont-siRNA, control-siRNA-treated. In contrast to PIDD-CC, PIDD-C is thought to have an antiapoptotic role. In a recent study, PIDD-C formed a protein complex containing a nuclear factor-B essential modulator and receptorinteracting protein 1, and PIDD-C was important for activating the transcription factor nuclear factor-B pathway in response to genotoxic stress (16) . We show that PIDD-C may not have a significant role in the mechanism of delayed neuronal death after tGCI, because it was not detected in the CA1 subregion at any time point after tGCI, although it was detected in the entire hippocampus and the positive control. In summary, our results using the different fragments of PIDD may suggest that PIDD acts as a ''death switch'' and that PIDD-CC plays a role after tGCI.
The next question addresses how PIDD induces delayed neuronal death. We believe one possibility is the formation of the PIDDosome and subsequent activation of caspase-2. In this study, we found direct binding among PIDD-CC, RAIDD, and procaspase-2 (which suggests formation of the PIDDosome complex) in the cytosol of vulnerable CA1 neurons after tGCI. Moreover, caspase-2 was activated in a time-dependent manner after formation of the PIDDosome. Furthermore, the siRNA study showed that activation of caspase-2 was PIDD-dependent. Our results are similar to those from other recent studies demonstrating that the PIDDosome activates caspase-2 and regulates stress-induced apoptosis (8, 18) and that knockdown of PIDD or RAIDD with siRNA results in downregulation of caspase-2 expression (8).
Although we have shown in this study that PIDD may play a role in activating caspase-2 and in subsequent delayed neuronal death after tGCI, the role of caspase-2 in apoptosis remains controversial; procaspase-2/caspase-2 is unique because it has characteristics of both initiator and effector caspases. It has an N-terminal prodomain and is very similar in sequence to initiator caspases, but its cleavage specificity is closer to the effector caspases (19, 20) . Previous studies have demonstrated the role of caspase-2 in apoptosis. Under certain conditions, procaspase-2/caspase-2 seems to be downstream of caspase-9/caspase-3 (21-23). However, a number of studies have shown that caspase-2 acts upstream of mitochondria by inducing Bid cleavage, Bax translocation to mitochondria, and subsequent cytochrome c release in stress-induced apoptosis (22, (24) (25) (26) . Although Bid is a substrate of caspase-2, Golgin-160 and caspase-8 are also potential substrates of caspase-2. Golgin-160 was cleaved by caspase-2 under certain apoptotic conditions, such as staurosporine-and UV-induced cell death (27) . Procaspase-8 was cleaved by caspase-2 in human cancer cell lines under tumor necrosis factor-related apoptosis-inducing ligand-mediated apoptotic conditions (28) . Moreover, recent studies demonstrated that caspase-2 can directly interact with mitochondria and that this interaction occurs independently of its proteolytic activity (29, 30) . Finally, caspase-2 may play roles in apoptosis through direct interaction with mitochondria or by cleaving Bid, Golgin-160, or caspase-8.
Although the role of caspase-2 in apoptosis remains controversial, caspase-2 has been reported to have roles in neuronal cell death; it mediates death by trophic factor deprivation in PC12 cells and sympathetic neurons (31, 32) . It is also involved in neuronal cell death induced by ␤-amyloid (33), seizure (34) , or HIV infection (35) . Procaspase-2 mRNA and its level of protein expression increased after focal ischemia (36, 37) and tGCI (38) . Moreover, inhibition of caspase-2 by z-VDVAD-FMK was neuroprotective (37) . In our study, activation of caspase-2 occurred after tGCI, as previously reported (38) . Incubation of whole cell lysate from CA1 subregions with caspase-2 resulted in Bid cleavage, even though no change in Bax or Bcl-X L was observed. tBid expression was up-regulated after tGCI. Moreover, knockdown of PIDD expression by siRNA resulted in downregulation of caspase-2 and tBid and protection against subsequent delayed neuronal death in the hippocampal CA1 subregion after tGCI. Although our results do not show evidence that caspase-2 cleaves Bid directly or indirectly, these results suggest an important role for caspase-2 in Bid cleavage and subsequent selective CA1 neuronal death after tGCI.
In contrast to reports on the role of caspase-2 in neuronal cell death, several studies using caspase-2-null mice have suggested that caspase-2 may play less of an apoptotic role in neurons. These mice were reported to have very few apoptotic defects, and studies showed no defects in cultured sympathetic neurons that underwent nerve growth factor deprivation-induced death (23, 39) . These discrepancies may be caused by up-regulation of the caspase-9 pathway in compensation for the lack of caspase-2 in these mice (40) .
In our study, we used an siRNA technique to specifically inhibit the PIDD-caspase-2 pathway. Baptiste-Okoh et al. (41) also used the siRNA method to inhibit this pathway. The advantages of this method are as follows: first, siRNA is more specific than a drug such as a caspase-2 inhibitor. Second, we avoided continuous overexpression of the caspase-9 pathway, which was observed in caspase-2-null mice. Our siRNA study strongly supports the role of caspase-2 in apoptosis and neuronal cell death.
We have demonstrated a role for PIDD in the activation of caspase-2 and subsequent neuronal cell death using the siRNA technique. Transfection of siRNAs into animal cells results in potent, long-lasting, posttranscriptional silencing of specific genes (42) . To evaluate siRNA effectiveness, selectivity should be a concern. We have closely followed the detailed recommendation of an editorial in Nature Cell Biology regarding controls for siRNA specificity (43) .
In our siRNA study, siSTABLE nontargeting control siRNA was used as a scrambled control, and it showed no significant nonspecific knockdown of target proteins. This control siRNA was also used in other reports (44, 45) . For basic control, Western blotting showed that siRNA administration decreased expression of PIDD, the target protein. We did not detect mRNA because we had a functional control. For quantitative control, the highest dose of siRNA (5 g) had maximum knockdown of target protein in the titration study. Because more concentrated siRNA precipitated before administration, further concentrated siRNA could not be injected, although it may have had a greater knockdown effect. A large amount of siRNA was needed because we applied the siRNA technique to an in vivo rat model. For functional control, all siRNA we used contained the modification against 3Ј-untranslated regions (46) . 3Ј-Untranslated regions are associated with RNAi off-targets (47) . For the multiplicity controls, we used predesigned PIDDsiRNA and siSTABLE PIDD-siRNA. Although siRNAs tend to reduce the expression of PIDD, siSTABLE PIDD-siRNA had a stronger knockdown of PIDD.
In conclusion, our results imply that PIDD plays a role in activating caspase-2 and subsequent delayed CA1 neuronal death after tGCI. Based on our studies, we propose that PIDD is a hypothetical molecular target for therapy against neuronal death after tGCI.
Materials and Methods
Details beyond the descriptions here and in the Results are given in SI Materials and Methods.
Global Cerebral Ischemia. Five minutes of tGCI was induced by bilateral common carotid artery occlusion combined with hypotension in male Sprague-Dawley rats (14) . All animals were treated in accordance with Stanford University guidelines and the animal protocols were approved by Stanford University's Administrative Panel on Laboratory Animal Care (see SI Materials and Methods).
siRNA Administration. All siRNAs were administered intracerebroventricularly with 10 mM of jetSI (403-05; Polyplus Transfection) as a transfection agent. To evaluate transfection efficiency, we used FITC-siRNA (sc-36869; Santa Cruz Biotechnology). Animals were killed 48 h after administration of FITC-siRNA and observed under a fluorescent microscope. To inhibit PIDD expression, we used predesigned ON-TARGETplus PIDD-siRNA (L-0852440 -01; Dharmacon) and siSTABLE PIDD-siRNA (Dharmacon). The siSTABLE option chemically modifies the enhancing stability of siRNAs. ON-TARGETplus and siSTABLE option contain the modification against 3Ј-untranslated regions (46) . siSTABLE control-siRNA (D-001700 -10 Ϫ05 ; Dharmacon) was used as an off-site siRNA control. For titration, control-siRNA, predesigned PIDD siRNA, and siSTABLE PIDDsiRNA were injected (0.2, 1, and 5 g). Animals were killed 48 h after injection and Western blotting was performed. For inhibition of PIDD after tGCI, 5 g of control siRNA and siSTABLE PIDD-siRNA were injected 48 h before tGCI based on titration (see SI Materials and Methods).
Western Blot Analysis. Fresh hippocampal CA1 and CA3 tissue was removed after 1, 4, 8, 24 , and 72 h of reperfusion. Protein extraction of cytosolic and mitochondrial fractions was performed using a multiple centrifugation method. Jurkat cell lysate (sc-2204; Santa Cruz Biotechnology) was used as a positive control. PIDD blocking peptide was used to confirm the specificity of the antibody (see SI Materials and Methods). Statistical Analysis. To evaluate the results of the Western blotting, co-IP, cell-counting study, and cell death assay, comparisons among the data obtained from each group (n ϭ 4) were performed with a one-way ANOVA, followed by a Scheffé post-hoc analysis (SigmaStat software; Jandel). The data are expressed as mean Ϯ SD and significance was accepted with P Ͻ 0.05.
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